The authors used a nitric acid (HNO 3 )-sodium dodecyl benzene sulfonate (SDBS) method to modify a lignite-based activated carbon. These modified carbons were appraised for their removal of Cd(II) from aqueous solutions. Response surface methodology was employed to optimize the preparation factors including nitric acid concentration C N , temperature T and SDBS concentration C S . Statistical analysis indicated that the interaction of C N and C S incurred the most effect on the maximum cadmium adsorption capacity (Q m ). The optimal Q m appeared at C N ¼ 3.29 mol/L, T ¼ 76 C and C S ¼30,700 mg/L. The optimal protocol achieved 44.21 mg/g Q m for Cd(II) which was about 7 times larger than for this pristine lignite activated carbon (LAC) (6.78 mg/g). The physical-chemical properties of the modified activated carbons following each synthesis step were characterized relative to their surface area, oxygen functionality, and external surface charge. It was confirmed that the developed surface area, functional groups and negative charges were mainly responsible for the higher adsorption capacity for the LAC that have been more favorably tailored by this HNO 3 -SDBS protocol.
INTRODUCTION
Cadmium is a vital engineered material used in batteries, alloys, electroplating and nuclear industries. Cadmium has been detected in waters and soils and it can come from the cadmium-containing wastewaters that originate from mining, smelting and electroplating process. Cadmium strongly adsorbs to the organic matter in soils. When it is present in soils, it can be extremely dangerous, as its uptake through food will cause its concentration to effectively increase up through the food chain. Cadmium can accumulate in the tissues and especially livers of animals who eat cadmium-contaminated plants (such as cadmiumcontaminated rice in southern China). When these animals are eaten by humans, the cadmium levels can be effectively concentrated that possibly cause high blood-pressure, liver disease and nerve or brain damage. The Ministry of Environment Protection of China (MEPC) has set an industrial effluent advisory level of 0.1 mg/L and a lower level for drinking (0.001 mg/L) and irrigating water (0.005 mg/L) (MEPC ). The United States Environmental Protection Agency (USEPA) primary drinking water standard for cadmium is 0.005 mg/L (USEPA ). Recent reports on the adverse environmental impact of cadmium have prompted a surge of requirements for the purification of cadmium contaminated wastewater (García et al. ) .
Adsorption is a frequently-used technique to remove cadmium ions Cd(II) from aqueous solutions. Adsorption is generally considered to be one of the more cost-effective, reliable and stable methods. Activated carbons (ACs) have found extensive utilization as adsorbents because of their high surface area and prominent adsorption capacity (Bernabeu et al. ) . However, conventional ACs have been shown to be ineffective for removing Cd(II) or other heavy metal ions (Park et al. ) , because conventional ACs generally host little surface charge. Various strategies have been proposed to modify ACs so that they offer a greater capacity to remove cations or anions, and these include chemical activation, physical activation, loading modification and other techniques (Li et al. ; Nayak et al. ) . Others have found that the introduction of oxygen-containing groups has been linked to heavy metal binding on the activated carbon surface (Ternero-Hidalgo et al. ). Conversely, we note herein that the surfaces of ACs that have been pre-loaded with cationic surfactants have dramatically enhanced their removal of such anions as perchlorate, nitrate, and sulfate (Parette & Cannon ) . By analog, we herein preloaded anionic surfactants so as to better remove cations and to augment this negative surface charge with nitric acid pretreatment.
For the work herein, sodium dodecyl benzene sulfonate (SDBS) was selected as the modification reagent due to its nontoxicity and its stable physiochemical properties in acidity, alkalinity or hard water conditions. Also, the SDBS molecule hosts both a hydrocarbon chain of moderate length that can sorb within the hydrophobic activated carbon, along with a high strength sulfonate group that exhibits high cationic adsorption capacity. Adsorption performances of ACs that have been treated with both nitric acid and anionic surfactant with an array of doses and temperatures have been evaluated here by adsorption isotherms data. The preparation conditions have also been investigated to discern more favorable preparation protocols for Cd(II) removal. Overall optimization of these two treatment protocols together was achieved by employing the response surface methodology (RSM). Recently, RSM is used widely in optimization of wastewater treatment processes (Shak & Wu ; Subramonian et al. ) . The authors herein are not aware of any previous refereed publications that report on coupling HNO 3 treatment with anionic surfactant preloading as a strategy for enhancing removal of a heavy metal such as cadmium.
MATERIALS AND METHODS

Materials
The low-cost LAC provided by Sinopharm Chemical Reagent Co., Ltd, China was applied as the pristine LAC. This AC was considerably low in its ash content (11.23%), surface area (S BET ¼ 158.11 m 2 /g) and it hosted high levels of oxygen functionality. The nitric acid, SDBS and cadmium chloride (CdCl 2 ) used are all of analytically pure quality. Cd(II)-containing electroplating wastewater originated from a nearby electroplating factory at Chengdu, China. This electroplating wastewater had been pretreated to remove cyanogen by hypochlorite oxidation and it had been clarified before sampling. In our laboratories, this clarified electroplating wastewater was then dosed with CdCl 2 at an array of concentrations (10-100 mg/L as Cd in addition to the native as-received level). The chemical oxygen demand value of this water sample is 18.91 mg/L. The main cationic pollutants in this wastewater included: Cd(II)(6.32 mg/L), Cu(0.32 mg/L) and Zn(0.14 mg/L). Notably, this wastewater included scant Ca cations.
AC preparation and optimization
Prior to the modification process, LAC was washed with deionized water, dried and wet-sieved to a mesh size of 200 × 400 in order to a mostly homogeneous powder. Tailored ACs were then synthesized with hot-HNO 3 treatment plus an anionic surfactant modification process. First, 10 g LAC was mixed with 100 mL of various concentrations of HNO 3 solution (0.5-4.00 mol/L), then incubated for 12 h at various temperatures (60-100 C), while mixing. Next, the ACs were filtered and rinsed with deionized water until a constant pH was achieved and this pH ranged from 3.5 to 5.1. These HNO 3 treated lignite carbons have been designated as 'NAC' herein. To achieve the SDBS treatment, 1 g of the NAC carbon (or LAC carbon) was added to 50 mL SDBS solution at various concentrations (5,000-30,000 mg/L) and shaken for 24 h at 25 C. In all cases, 0.1 g of NaCl was also added to facilitate the micelle-inducing reaction. These HNO 3 -SDBS treated ACs have been designated herein as 'NSAC'. The LACs treated with SDBS (alone) have been designated herein as 'SAC'. The critical micelle concentration (CMC) of SDBS is 1.2 mmol/L (418.2 mg/L) and all doses were far above the CMC. After the modification process, the solution was filtered and treated ACs was washed by deionized water to remove the residual surfactants. Then, the ACs was dried at 80 C for 24 h in a vacuum oven.
Abundant oxygen functional groups, SDBS molecule and micelles were introduced to the LAC surface via this synthesis process, as inferred schematically in Figure 1 (Huang et al. ).
The activation conditions that we varied included HNO 3 concentration (C N ), temperature of HNO 3 incubation (T) and SDBS concentration (C S ). These three variables were 'optimized' for this LAC using the RSM based on the Box-Behnken design experiments. The studied response was the maximum Cd(II) adsorption capacity (Q m , mg/g), as determined from five experimental results that were fitted to the Langmuir isotherm equation.
The relationship between the response value and the impact factors was expressed as a multiple quadratic regression:
The trial configuration for the coupled nitric acidanionic surfactant treatment contains an aggregate of 17 runs. The coded and actual levels of major factors and the corresponding response values are recorded in Table 1 .
Cd(II) removal experiments
Sealed sample vials include 50 mL wastewater and 0.05 g ACs were placed into a water bath thermostat, and shaken for 24 h at 25 C. The slurry pH of each sample was tested every 4 h: the initial pH was about 7.2 and final pH's ranged from 4.5 to 6.5. In this range, cadmium would remain in the Cd(II) ionic form, per thermodynamic principles (Ahn et al. ) . However, it is noted that electroplating wastewaters usually contain organic chelating agents and we could not rule out that at least some of the Cd(II) was chelated with such organics. After 24 hours, the samples were centrifuged and then the supernate was filtered by 0.45 μm nylon fiber filters and monitored for their cadmium. Each test was repeated three times and all triplicates varied by less than 3%. The Cd(II) concentration was measured with the aid of a PerkinElmer Inductive Coupled Plasma Emission Spectrometer (ICP, detection limit ¼ 0.001 mg/L), which used a stable argon plasma flame. It is also noted that the water samples had been pretreated by HNO 3 and H 2 O 2 at 95 ± 5 C in order to eliminate the effect of chelating agents before ICP detection.
For each preparation condition, the authors conducted isotherms with 0.05 g AC in 50 mL electroplating wastewater that was spiked with CdCl 2 at 10, 20, 50, 80 and 100 mg/L as Cd(II). Final Cd(II) was monitored after 24 hours of adsorption contact. Based on the isotherm data analysis and previous research, Cd(II) adsorption mechanism mainly includes ion exchange and electrostatic attraction. The isotherm data fitted well to the Langmuir model which presents as (Sun et al. ):
where K L (L/mg) is called the Langmuir adsorption constant; C e (mg/L) is the equilibrium concentration of the pollutants; Q e and Q m (mg/g) represent the equilibrium and Langmuir maximum adsorption capacity, respectively. Additionally, we computed a dimensionless separation factor R L , which characterized the essentials of this Langmuir model. The R L can be defined as (Lorenc-Grabowska et al. ):
where C 0 is the initial Cd(II) concentration (mg/L); The value of R L indicates whether the shape of the isotherm is
Physicochemical properties characterization
An automated specific surface area analyzer (BELSORPmax, MicrotracBEL, Japan) was applied to characterize the particle structure. The specific surface area (S BET ) and average pore size were calculated by the method reported by Barrett et al. (Barrett et al. ) . Pore volume distributions were obtained from nitrogen adsorption isotherms according to the Density Functional Theory (DFT) in the microporous region and the mesoporous structure (d > 20 Å) was determined by the Barrett-Joyner-Halenda equation (Sun et al. ) .
Fourier transform infrared spectroscopy (FT-IR) was employed to analyze the surface functional groups of the ACs. The surface compositions of ACs were determined by X-ray photoelectron spectrometer (ESCALAB 250Xi, Thermo Fisher, USA) using an mg/Al bi-anode. Boehm titration tests were conducted based on the method proposed by Boehm HP which is used to detect the surface oxygencontaining group content (Boehm et al. ) . Zeta potential tests were performed using a nano zeta potentiometric analyzer (Brookhaven ZetaPALS, USA).
RESULTS AND DISCUSSION
Box-Behnken experiments and optimization
We treated the LAC with nitric acid (alone) or surfactant (alone) so as to compare the adsorption performance when optimizing such vital parameters as HNO 3 concentration, temperature and SDBS dose (see Figures S1 and S2 in Supplemental Material, available with the online version of this paper). The most favorable surfactant loading was achieved when the LAC had been mixed with 1.5 g SDBS/g LAC and this has been identified as 'SACO'-surfactant modified AC 'optimized'. Amongst the NAC variants, the maximum Qm (22.78 mg/g) occurred following 3.0 mol/L HNO3 pretreatment at 80 C and this product was labeled NACO.
The authors also applied both HNO 3 pretreatment and SDBS preloading to this LAC, with variations in acid and SDBS conditions as coded and presented in Table 1 above. These have been identified as the NSAC variants herein. It was found these coded preparation protocols yielded the following relations with the C N (A), T (B), and C S (C). Specifically, the Cd(II) removal fitted to a final equation in terms of these coded factors was given by:
where the coded values of A, B and C are either À1, 0 or 1. The authors next used this equation to predict the Q m and the optimized response value within the limited value ranges of the experimental conditions here.
The parameters of quadratic regression model (see Table S1 
3D response plots and optimization
The 3D response surfaces and the 2D contours were plotted on the basis of the obtained quadratic equation, in order to investigate the interaction amongst the variables and confirm the optimum degree of each factor for maximum Q m . The plots depicted interaction between C N and T, C N and C S , and T and C S have plotted in Figure 2 (a)-2(c), respectively. Figure 2 (a) shows an initial increase in the obtained Q m with the initial increase of C N (0.5-3.29 mol/L) prior to the slightly decreasing Q m with yet further C N rise (3.29-4.0 mol/L). The initial increase was limit to the increasing levels of carboxyl functional groups. However, yet higher loading of SDBS apparently caused pore clogging. Higher HNO 3 yielded higher surface oxygen functionality, but too much HNO 3 may have compromised the structural integrity of this LAC, as evidenced by diminishing yield at the highest HNO 3 doses and temperatures (Figure 3(b) ). Higher SDBS dosing yielded higher Q m , up to a point. The HNO 3 incubation temperature likewise exhibited a maximum around the coded '0' (80 C) level. In contrast, temperatures lower than this did not achieve an extensive oxygen functionality while temperatures higher than this appear to have diminished surface hydrophobicity to the extent that not as much SDBS could be sorbed ( Figure  2 (b) and 2(c)). A surface loss caused by pore collapse at the highest T and CN conditions could have also negatively influenced Qm. Therefore, the best AC surface properties, which corresponded to the best proportion of oxygen groups and SDBS for Cd(II) adsorption, were attained via optimized preparation conditions, and these achieved the highest Q m . The maximum Q m was 44.81 mg/g, following optimized preparation conditions of: C N (3.29 mol/L), T (76 C) and C S (30,700 mg/L ¼ Next, 0.05 g of this product was applied to 50 mL actual electroplating wastewater. Following 1 h of sorption contact time, the Cd(II) was not detected in the wastewater. Indeed, the Cd(II) had been diminished to below the MEPC and USEPA standards (USEPA ; MEPC ).
Adsorption isotherms
The Langmuir isotherms studies have been conducted on the LAC, SAC and NAC variants. Here, we present the specific results for the LAC, plus the three optimized variants, namely SACO, NACO and NSACO in Figure 3(a) as Q e versus C e and Figure 3 (b) as 1/Q e versus 1/C e . These latter plots should be linear if the sorption behavior was truly Langmuir-like; and indeed they were linear, with an R 2 greater than 0.98. This also indicated that the sorption mechanism corresponded to ion exchange and electrostatic attraction. The Langmuir equation parameters corresponding to these data are listed in Table 2 together with the physicochemical properties parameters. The NSACO (with Q m of 44.21 mg/g) exhibited about 7 times larger maximum sorption capacity than did the LAC (6.78 mg/g). The results further indicate that the coupled acid-surfactant protocol offered far better performance than did mere acid treatment (22.78 mg/g) or mere surfactant preloading (26.60 mg/g). The R L values for all four of these Langmuir isotherms were below 1, which shows a favorable adsorption process for all the ACs. Specifically, the calculated R L values of 0.15, 0.42, 0.38, and 0.53, respectively, for LAC, SACO, NACO and NSACO show that the modification process rendered the activated carbon more favorably functionalized for Cd(II) removal. 
Pore structure
The pore volumes distributions and surface areas of LAC and the three 'optimized' samples SACO, NACO and NSACO had been monitored ( Figure 4 and Table 2 ). The first thing to note is that this LAC only offered a surface area of 158 m 2 /g, and a micro -plus meso -pore volume of 0.15 cm 3 /g. These values are only about a quarter of the values for other conventional lignite ACs (Nowack et al. ) . However, these shortcomings were in part overcome by the HNO 3 and surfactant protocols. For all four of these carbons, about half of the volume was in the micro pore range (width < 20 Å), and about half meso pores (20-500 Å). The hot-HNO 3 treatment step significantly increased the AC porosity, especially its micropore (<20 Å) volume, whereas the SDBS preloading somewhat diminished pore volume by slightly plugging these pores.
For the NSACO, this surfactant plugging was offset by the acid etching, and thus the NSACO hosted nearly the same pore volume as the pristine LAC did. The authors note that the surfactant would have a propensity to form micelle-like structures within the predominantly hydrophobic pores. We can deduce that the negatively-charged end of these surfactants would be pointing outwardly from the narrowest pores, and in these locations, these negative sites could be available to the positive Cd(II).
Oxygen content by FT-IR, X-ray photoelectron spectroscopy (XPS) and Boehm titrations
These four carbons were also appraised for their FT-IR spectrums ( Figure 5 ) between 4,000 and 500 cm À1 . The LAC exhibited characteristic peaks at 3,425 cm À1 (H bonded OH stretching), 2,853-2,923 cm À1 (C-H stretching), 1,377-1,458 cm À1 (C-H bending) and 1,060 cm À1 (C-O stretching) (He et al. ) . The spectra of both the NACO and NSACO show reductions of hydrophobic groups (C-H) and increases of the C-O stretching groups, which both indicate that the the strong oxidation effect of hot-HNO 3 transformed the C-H sites into oxygen-containing groups. Likewise, the XPS results (see Table 2 and XPS survey of ACs, Figure S3 in Supplemental Material, available online) show that 28.01% O of the LAC grew to 32.56% for the NACO following hot HNO 3 treatment and it remained at an elevated level of 29.64% for the NSACO. The SACO also hosted elevated O of 28.01% due to the sulfonate functionality of SDBS. The oxygen-containing functional groups were also determined by Boehm titration tests. The results revealed that a considerable amount of surface functional groups were generated during the hot-HNO 3 treatment, with a promotion from 0.55 to 1.26 mmol/g. These showed that the hot-HNO 3 protocol tripled the carboxyl functionality for NACO and NSACO, compared to LAC, while it also doubles the lactones and slightly increased the phenolic functionality. In comparison, the surfactant loading of SACO slightly diminished these functionalities probably by masking them. Likewise, the surfactant-masking effect was also evidenced for NACO (sum 1.24 mmol/L), when compared to that of NSACO (sum 1.03 mmol/L). Since the pKa of sulfonate is so low (0.7), the sulfonate would mostly not register in these Boehm titration protocols.
Zeta potential
The zeta potential of the pristine LAC and optimized ACs were also characterized, as shown in Table 2 . The zeta potential is generally perceived to measure primarily the external surface charge of an AC grain. A remarkable increase of negative charge occurred for each modification step ( Figure S4 in Supplemental Material, available online). Relative to a pH 7.2 reference point, mere SDBS modification increased the zeta potential to À22.08 mV from the original À18.61 mV, as incurred by the adsorbed anionic groups. For the NACO preparation, the zeta potential rose to À28.06 mV in the hot-HNO 3 treatment and it yet further increased to À39.72 mV during the followed SDBS modification that yielded NSACO. The higher levels of zeta potential meant that the NACO, SACO and NSACO hosted greater negative charge on the external surface, which was perceived as beneficial to Cd(II) transfer from the liquid phase to activated carbon grain.
In overview, in light of the results of FT-IR, XPS, Boehm and Zeta potential, we offer an activated carbon configuration as schematically presented in Figure 6 , for a graphene surface with functional groups such as carboxyl (R-COOH), phenolic (R-OH) and carbonyl (R ¼ O), appearing in the pristine LAC naturally. Then, with the hot-HNO 3 , these are enhanced further with yet more carboxyls (R-COOH) and lactones (R-COO-R). Also, the SDBS hosted the sulfonate R-SO 3-, which was sorbed onto the graphene surface. All of these functional sites could either directly complex Cd(II), or create a net negative charge center that could attract the positively charged Cd. Notably, in that electroplating wastewaters also host organic chelating agents, these chelator-Cd complexes could also sorb together onto the activated carbon surface (Cannon et al. ) . These complexes could account for an important part of the Cd(II) that sorbed onto the pristine LAC, but neither the acid nor surfactant treatments would have increased the ACs' capacity to sorb such chelant-Cd complexes.
CONCLUSIONS
The present work has demonstrated the promising potential of coupling nitric acid treatment with surfactant preloading. These together enhanced the capacity of activated carbon for removing Cd(II) from aqueous solutions such as electroplating wastewater. The RSM was employed to 'optimize' the more favorable nitric acid concentration (C N ) and surfactant dose (C S ) for achieving a high level of cadmium removal. With these two protocols together, the low-grade lignite carbon was enhanced to where the product could remove a maximum 44.21 mg/g of cadmium. This was considerably better than either of the enhancement protocols alone.
As the characterization results showed, the product that had been enhanced with both nitric acid and surfactant hosted more functional groups, and these negative charges offered the more favorable Cd(II) removal. These results attest to the significance of HNO 3 -SDBS modified ACs and they offer promising applicability for treating Cd(II) contaminated wastewaters.
